Quantitative risk evaluation related to long term CO2 gas leakage along wells  by MEYER, Vincent et al.
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LHZHWWLQJ SKDVH Z DQG QRQZHWWLQJ SKDVH QZ
ZKHUH ERWK SKDVHV DUH FRQVLGHUHG LPPLVFLEOH ,QLWLDOO\ WKH FHPHQW LV FRQVLGHUHG VDWXUDWHG ZLWKZDWHU WKHZHWWLQJ
SKDVH7RPRGHOWKH&2IORZLQSRURXVPHGLDDQGIROORZWKHZDWHUVDWXUDWLRQHYROXWLRQ DORQJ WLPHDQGVSDFHD
FRPELQDWLRQRIWKH'DUF\¶VODZ DQGDPDVVEDODQFHKDVEHHQSHUIRUPHG 

            

            

8LUHSUHVHQWVWKHYHORFLW\ .LWKHSHUPHDELOLW\.ULMWKHUHODWLYHSHUPHDELOLW\ ȡLWKH GHQVLW\ȝL WKHYLVFRVLW\ɎWKH
SRURVLW\6L WKHSKDVHVDWXUDWLRQ3WKHSUHVVXUHDQG JWKHJUDYLW\ 7KH UHODWLYHSHUPHDELOLW\.ULMYDOXHVDUHDV VHVVHG 
IURPWKH0XDOHPDQG9DQ*HQXFKWHQ PRGHOV LQIXQFWLRQRISKDVHVVDWXUDWLRQV6LFDSLOODU\SUHVVXUH 3F
DQGSDUDPHWHUV01  

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
  ZLWK          

$Q ,QWHJUDO ILQLWH GLIIHUHQFHPHWKRG KDV EHHQ DGRSWHG 7KH V\VWHP IRUPHGE\ WKH HTXDWLRQV   LV VROYHG E\
PHDQVRID1HZWRQ 5DSKVRQPHWKRG
 'HJUDGDWLRQPRGHOV 
:HOO FRPSRQHQWV DJHLQJ PRGHOV HQDEOH WR HVWLPDWH WKH HYROXWLRQ RI FRPSRQHQWV SURSHUWLHV RYHU WLPH GXH WR
ZHOOERUHHQYLURQPHQW7 ZR PDLQO\PRGHOVDUH FRQVLGHUHGWR  GHVFULEH WKH GHJUDGDWLRQPHFKDQLVPV DVVRFLDWHG ZLWK
WKH FDUERQ VWHHO WXEXODUV  DQG WKH FHPHQW EDVHG PDWHULDOV 0RGHO SDUDPHWHUV VXFK DV FRUURVLRQ UDWHV DQG FHPHQW
OHDFKLQJFDUERQDWLR QNLQHWLFV FDQEH FDOLEUDWHG WKURXJK H[SHULPHQWDO WHV WV LQFOXGLQJDFFHOHUDWHG WHVWLQJVDQGWLPH 
ODSVHZHOOLQWHJULW\PRQLWRULQJPHDVXUHPHQWV 

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
)LJXUH'HJUDGDWLRQPHFKDQLVPVLPSOHPHQWHGLQ6,0(2 706725
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'ULOOLQJWLPH
&HPHQWOHDFKLQJ
LQLWLDWLRQ WLPH
(QGRIFHPHQWOHDFKLQJ
&RUURVLRQLQLWLDWLRQ
&KDQQHOLQJ
&DVLQJ
6RXQGFHPHQW
'HJUDGHGFHPHQW
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 $XWKRUQDPH (QHUJ\3URFHGLD  ±  
&HPHQWOHDFKLQJ
7KLVDUWLFOH LVQRWDLPHGDWGHVFULELQJ LQWHUDFWLRQVEHWZHHQFHPHQW EDVHGPDWHULDOVDQG IRUPDWLRQ IOXLGVRU&2
6XFKSURFHVVHV KDYH DOUHDG\ EHHQ VWXGLHG >   @  &HPHQW EDVHG PDWHULDOV DUH UHDFWLYH SRURXV PHGLD LQ ZKLFK
VROLGSKDVHVDUHLQWKHUPRG\QDPLF HTXLOLEULXPZLWKWKHVXUURXQGLQJSRUHVROXWLRQFKHPLVWU\:KHQLQFRQWDFWZLWK
DFLGLF DTXHRXV VROXWLRQV DFLG DWWDFN RI FHPHQW EDVHG PDWHULDOV WDNHV SODFH 7KH K\GUDWHV OHDFKLQJ SURFHVV LV
HVVHQWLDOO\FDXVHGE\WKHGLIIHUHQFHRIFRPSRVLWLRQDQGFKHPLFDODFWLYLW\EHWZHHQZDWHULQFRQWDFWZLWKFHPHQWDQG
WKH SRUH VROXWLRQ LQVLGH FHPHQW 7KLV GLIIHUHQFH RI FRPSRVLWLRQ FDXVHV LRQV PRWLRQ RXW RI WKH FHPHQW DQG
VXEVHTXHQWGLVVROXWLRQRIFHPHQWPLQHUDOV PDLQO\K\GUDWHV3RUWODQGLWH&6+&HPHQW OHDFKLQJ LQFUHDV HVSRURVLW\
DQG SHUPHDELOLW\ DQG GHFUHDVHV FRPSUHVVLYH VWUHQJWK7KH FRUUHVSRQGLQJ GHJUDGDWLRQ IURQW LV GLIIXVLRQ GHSHQGHQW
SURJUHVVLQJZLWKVTXDUHURRWRIWLPH'HJUDGDWLRQNLQHWLFPDLQO\GHSHQGVRQWKHIOXLGSURSHUWLHVDQGWKHFKHPLFDO
FRPSRVLWLRQRIF HPHQW ,WZDVDVVHVVHGWKDW WKHDOWHUDWLRQIURQWZRXOGSURJUHVVXSZD UGDWDUDWHRIXSWRDIHZWHQWKV
RIPLOOLPHWHUVSHU\HDU 
&DVLQJFRUURVLRQ 
&DVLQJ FRUURVLRQ LV D PDLQ DJHLQJ SURFHVV  WR FRQVLGHU VWXG\LQJ WKH ORQJ WHUP ZHOO LQWHJULW\ SHUIRUPDQFH  7KH
SK\VLFR FKHPLFDOSKHQRPHQDDUH ZHOOGHVFULEHG LQ OLWHUDWXUH>  @)LJXUH VKRZVWKDW FRUURVLRQ LVHQYLVDJHG
RQFH WKH FHPHQW OHDFKLQJ SKHQRPHQRQ LV HQGHG  7KH FRUURVLRQ PRGHOIRU VWDQGDUGFDVLQJV JLYHVD OLQHDU UHODWLRQ
EHWZHHQFDVLQJ WKLFNQHVVDQGWLPH 7KHIDFWRUVGHWHUPLQLQJWKHUDWHRIFRUURVLRQDUHWKHWHPSHUDWXUHDQG&2SDUWLDO
SUHVVXUH&DVLQJFRUURVLRQFDQRFFXUWKURXJKWZRGLIIHUHQWPHFKDQLVPVLJHQHUDOL]HGFRUURVLRQWKDWRFFXUVPRVWO\
DW WKH FDVLQJ VXUIDFH LL SLWWLQJ FRUURVLRQ ZKLFK WDNH V SODFH LQ SUHVHQFH RI FKORULGHV &2 FRUURVLRQ LV PRUH
VLJQLILFDQWLQWKHSUHVHQFHRI&2GLVVROYHGLQZDWHUEXWEHFRPHVLQVLJQLILFDQWLQGU\VXSHUFULWLFDOIORZV 
6\QWKHWLF FDVH DSSOLFDWLRQ 
7KHVWXGLHG FDVH SUHVHQWHGLQWKHIROORZLQJSDUDJUDSK FRQVLG HUV D W\SLFDODEDQGRQHGZHOO OLNHO\ WREHSDUWRID
&2VWRUDJHSURMHFW 
 6WDWLFPRGHO 
7KHDEDQGRQHGZHOOGHVFULEHGKHUHLVFRPSRVHGRIFDVLQJVDQGWKHLUDVVRFLDWHGFHPHQWVKHDWKV)LJXUH 7KH
ZHOOKDVEHHQSOXJJHGZLWKIRXUFHPHQWSOXJV7KHJHRORJ\LVFRPSRVHGRIFODVVLFDOIRUPDWLRQVOLNHO\WREHIRXQGD
UHVHUYRLUDFDSURFNRYHUEXUGHQDQGDFRQQHFWHGDTXLIHU 
$FFRUGLQJWRWKHPHWKRGRORJ\GHVFULEHGLQ)LJXUHWKHZHOODQGLWVQHDUJHRORJLFHQYLURQPHQWDUHGHVFULEHGLQ
6LPHR706WRUE\ WKHLUJHRPHWULF DQGPHFKDQLFDO FKDUDFWHULVWLFV7KH LQLWLDO DQG OLPLW FRQGLWLRQV DUH DOVRJLYHQ IRU
LQIRUPDWLRQ)LJXUH 7KHKLJKHVWXQFHUWDLQW\OLHVLQWKHFHPHQWTXDOLW\)RUWKLVVWXG\RQO\WKHFHPHQWTXDOLW\IRU
FHPHQWVKHDWKVDQGSOXJVKDVEHHQFRQVLGHUHGDVSUREDELOLVWLF 

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


)LJXUH6WDWLFUHSUHVHQWDWLRQ6,0(2 70 6725RIWKH DEDQGRQHGZHOOQRWDWVFDOH 

&HPHQW]RQHVDUHGHILQHGE\FHPHQWDWLRQGDWDLQWHUSUHWDWLRQ&%/9'/77«+HUHFHPHQW]RQHVKDYHEHHQ
KLJKOLJKWHGD QGGHVFULEHGE\DSUREDELOLW\ ODZ)RU HDFKFHPHQW ]RQH FHPHQW TXDOLW\ YDULDWLRQV DUHPRGHO HGRQO\
E\ PHDQVRI WKH YHUWLFDO SHUPHDELOLW\ YDOXH .Y XVXDOO\ WKH PRVWLQIOXHQFLQJ SDUDPHWHU IRU &2IORZXS  DQG
5HVHUYRLU
&DSURFN
2YHUEXUGHQ
$TXLIHU
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 ,QLWLDOFRQGLWLRQVDWW  9DOXHV
&HPHQWVKHDWKV	SOXJVVDWXUDWLRQ 6Z  
6\VWHPSUHVVXUH +\GURVWDWLFSUHVVXUH
/LPLWFRQGLWLRQV 9DOXHV
5HVHUYRLUSUHVVXUH EDUV
6XUIDFHSUHVVXUH EDU
7KHUPDOJUDGLHQW &P
+\GUDXOLF FRQQHFWLRQ EHWZHHQ WKH
DTXLIHUDQGWKHZHOO 
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 $XWKRUQDPH (QHUJ\3URFHGLD  ±
SUHVHQWLQJ WKH ODUJHVWXQFHUWDLQWLHV 7KHFHPHQW SHUPHDELOLW\YDOXHVDUH UDQJHG EHWZHHQ P'IRUDYHU\JRRG
FHPHQW WR   P' IRU D EDG FHPHQW ,Q WKLV VWXG\ WKH RWKHU PRGHO SDUDPHWHUV KDYH EHHQ FRQVLGHUHG DV
GHWHUPLQLVWLF$V D FRQFOXVLRQ  RQO\ .Y YDOXHVIRU  WKH GLIIHUHQW FHPHQW ]RQHV ZLOO EH UDQ GRPL]HG OHDGLQJ WR 
VFHQDULRV IRUSRVVLEOHZHOOLQWHJULW\FRQGLWLRQV
 5HVXOWV
&2OHDNDJHDPRXQW 
)LJXUH GHVFULEHV D SRVVLEOH OHDNDJH DPRXQW RXWRIWKH&2 UHVHUYRLUDORQJ WKHZHOO &2HQWHUVWKHZHOOIRU
RQH VHOHFWHG VFHQDULR7KH&2OHDNDJHDPRXQW FRXOG EHREWDLQHG IRUGLIIHUHQW WDUJHWVDTXLIHUV VXUIDFH« 









)LJXUH&XPXODWLYH&2 OHDNDJHDORQJWKHSOXJJHGZHOORYHU\HDUV FRPLQJRXWRIWKHUHVHUYRLU 

7KHFXUYHSUHVHQW HGLQ)LJXUHFDQEHGLYLGHGLQSDUW V7KHILUVWRQHIURPWR\HDUVFRUUHVSRQGVWR&2 
SHQHWUDWLRQLQWR  WKHFHPHQW VKHDWK IURPWKHERWWRPRIWKH¶¶FDVLQJ7KHVHFRQGSDUWRIWKHFXUYH IURPWR
\HDUV FRUUHVSRQGVWRWKH&2IORZXSLQDEHWWHUTXDOLW\FHPHQWVKHDWK ¶¶ FDV LQJ ZKLFK H[SODLQVZK\WKH
&2OHDNDJHDPRXQWLQFUHDVHV OHVV  IDVW WKDQEHWZHHQDQG\HDUV7KHODVWSDUW RIWKHFXUYH FRUUHVSRQGV WR D
VLPXOWDQHRXV&2OHDNDJH WKURXJKWKHLQQHUSDUW RIWKHZHOO DQGYLD FHPHQWVKHDWKV XQWLOWKHDTXLIHU)LJXUH
:DWHUVDWXUDWLRQ&2IURQWSURSDJDWLRQ
&HPHQWZDWHUVDWXUDWLRQHYROXWLRQ LVD UHOHYDQW LQGLFDWRU IRU LGHQWL I\LQJOHDNDJHSDWKZD\VDORQJWKHZHOO)LJXUH
LOOXVWUDWHV IRXUVQDSVKRWVZKLFKLOOXVW UDWHFHPHQWZDWHU VDWXUDWLRQDWIRXUWLPHODSV DQG\HDUV
7ZR PDLQ &2 OHDNDJH SDWKZD\V FDQ EH LGHQWLILHG RQH SDUW RI &2  IORZV XS WKURXJK WKH FHPHQW VKHDWKV
ZKHUHDV WKH UHVW SHQHWUDWHV WKH LQQHU SDUW RI WKHZHOO E\PHDQV RI WKH ´ FDVLQJ EUHDNWKURXJK 7KLV FRPSHWLWLRQ
EHWZHHQ WKH WZRSDWKZD\VKLJKOLJKWVWKHFRPSOH[LW\RIWKHIORZXSRI&2DORQJWKHZHOO7KHEHKDYLRURI WKHZHOO
FRPSRQHQWVWRZDUGV&2DQGWKHRWKHUDJJUHVVLYHIOXLGVFDQFKDQJHGUDVWLFDOO\WKHOHDNDJHSDWKZD\7KHGLIIHUHQFH
RI K\GUDXOLF FKDUJH EHWZHHQ WKH&2SURSDJDWLRQ IU RQW DQG WKH VXUIDFH OHDGV WKH&2IORZXSLQIXQFWLRQRI WKH
EDUULHUVPHW 
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

)LJXUH: DWHUVDWXUDWLRQ HYROXWLRQ IRUWKHZHOODW\HDUVDW\HDUV\HDUV DQG\HDUV VQDSVKRWVIURP6LPHR 706WRU

,QGHHG)LJXUH VKRZVWKDWWKHJDVIORZXSLVIDVWHUW KURXJKWKHFHPHQWVKHDWKVWKDQWKURXJKWKH LQQHUSDUW RIWKH
ZHOO7KLVLVGXHWRWKHIDFWWKDWGHQVHFRPSOHWLRQIOXLG SUHVHQW LQ WKH LQQHUSDUW RIWKHZHOOLVFRQILQHGLWFDQRQO\
IORZWKURXJKWKHSDUWRIGHJUDGHGFDVLQJ¶¶LQFRQWDFWRI&2 
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 $XWKRUQDPH (QHUJ\3URFHGLD  ±  
$VDFRQFOXVLRQWKHSDWKZD\WKH&2ZLOOWDNHWRIORZXSWR DWDUJHW  LH VXUIDFH DQGRU FRQQHFWHG DTXLIHUV LV
QRW REYLRXV WR DVVHVV XQ FHUWDLQWLHVRI VSHFLILFSDUDPHWHUV FDQ KDYHD VWURQJ  LQIOXHQFHRQ LW ,Q )LJXUH  FHPHQW
OHDFKLQJGHJUDGDWLRQGXHWR IRUPDWLRQ IOXLGVRIWKH&UHWDFHRXVJHRORJLFDOOD\HUJUHHQKDVEHHQ FRQVLGHUHG IDVWHU 
WKDQLQWKHSUHYLRXVVLPXODWLRQV ,Q WKLVFDVH&2IORZVXSWKURXJKWKH LQQHUSDUW RIWKHZHOODQGQRWDORQJFHPHQW
VKHDWKV &RPSOHWLRQIOXLGSUHYLRXVO\FRQILQHGLQWKH LQQHUSDUWRIW KHZHOOFDQIORZWKURXJKWKHGHJUDGHGFDVLQJVLQ
IURQWRIWKH&UHWDFHRXV*UHHQHDUOLHUWKDQLQWKHSUHYLRXVVLPXODWLRQV EHFDXVHRIIDVWHUFHPHQWOHDFKLQJDQGFDVLQJ
FRUURVLRQ
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




)LJXUH:DWHUVDWXUDWLRQRIWKHZHOOZLWKGLIIHUHQWGHJUDGDWLRQVFRQGLWLRQVW W W \HDUV VQDSVKRWVIURP6LPHR 70 6WRU 

,QRUGHUWRWDNHLQWRDFFRXQWDOOWKHSRVVLEOHOHDNDJHSDWKZD\VDQGOHDNDJHDPRXQWVDVVRFLDWHG LQDZHOOLQW HJULW\
SHUVSHFWLYH  D UREXVW PHWKRGRORJ\ DV WKH 3	570 LV QHFHVVDU\ 7KH FRPSOH[LW\ RI WKH V\VWHP DQG WKH LQWHUDFWLRQV
ZLWK LWV QHDUHVW HQYLURQPHQW UHTXLUHV DVVHVVLQJ  WKH XQFHUWDLQWLHV DVVRFLDWHG WR ZHOO LQWHJULW\ FRQGLWLRQV DQG WR
PDQDJHWKHP 
5LVNPDSSLQJ 
7KHULVNV GHGLFDW HG WR WKHVFHQDULRVDUHSRSXODWHGLQWKHULVNPDWUL[ DIWHU\HDUV DVSUHVHQWHG LQ)LJXUH
7KHSUREDELOLW\RIDVFHQDULRWRRFFXULVJLYHQRQWKHYHUWLFDOD[LVDQGLWVVHYHULW\ LQIXQFWLRQRID&2 OHDNDJHRYHU
JLYHQSHULRGYV VWDNHVRQ WKHKRUL]RQWDOD[LV 
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




)LJXUH3RSXODWLRQRIWKHVFHQDULRVLQWKHULVNPDWUL[GHGLFDWHGWRZHOOLQWHJULW\DIWHU\HDUV VQDSVKRWIURP6LPHR 706WRU 

2QFH WKH ULVN PDWUL[ SRSXODWHG XQDFFHSWDEO H ZHOO LQWHJULW\ VFHQDULRV FDQEH LGHQWLILHG IURPWKH5LVN$FFHSWDQFH
/LPLW5$/GHILQHGZLWKSURMHFWPDQDJHUVDQGVWDNHKROGHUVLQYROYHGLQWKHSURMHFW 6XFKVFHQDULRVFDQEHWKHRQHV
SORWWHGLQWKHZDUPFRORUVRIWKHPDWUL[IRUH[DPSOHRUDQJHDQGUHG]RQHV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